1. A wide range of purine bases, nucleosides and cyclic nucleotides were shown to induce betacyanin synthesis in Amaranthus seedlings. 2. The induction of pigment by benzyladenine, dibutyryl cyclic AMP or cyclic AMP was not potentiated by aminophylline. Aminophylline was shown to inhibit Amaranthus cyclic AMP phosphodiesterase activity. 4. Incubation of seedlings with aminophylline inhibited the conversion of 6- [G-3H] benzyladenine into presumed 9-and 7-glucosylbenzyladenine. 5. Induction of betacyanin synthesis by 6-benzyladenine or by exposure to red light was not accompanied by changes in the total cyclic AMP content in seedlings. 6. It is concluded that the inducers tested act as cytokinin analogues; no evidence was obtained to support cyclic AMP as an intermediate in the induction process. Wood & Braun (1973) have demonstrated that exogenously supplied 8-bromo cyclic AMP can completely replace cytokinins as a cell-divisionpromoting factor in excised tobacco-pith parenchyma tissue. In the present paper we have investigated whethercyclicnucleotides will replace therequirement for cytokinins in another bioassay system for cytokinins, the induction of betacyanin synthesis in Amaranthus seedlings. Our results suggest that, although cyclic adenine nucleotides promote the pigment formation, they act as cytokinin analogues rather than as cyclic nucleotides. Further, no significant increase in cyclic AMP content was found in the seedlings under conditions where induction was taking place. In view of these results, it cannot be assumed from the work of Wood & Braun (1973) that cytokinin effects are mediated by cyclic AMP. Rast et al. (1973) have claimed that cyclic AMP will replace phytochrome in betacyanin induction. We suggest that their results obtained with dibutyryl cyclic AMP are due to the cytokinin activity of the butyryl group in the N-6 position of the adenine ring. A preliminary account of these findings has been given (Elliott, 1974) .
Materials and Methods Betacyanin assay
The experimental procedure was based on methods developed by Kohler & Conrad (1966) (Piatelli et al., 1969 (v/v) ethanol (3:7, v/v) . Radioactivity associated with adenosine markers was measured after elution of the paper in 0.1 mM-EDTA (3 x 3 ml) and freezedrying. Controls were stopped at zero time. Proteins were measured by the method of Lowry et al. (1951) with bovine serum albumin as standard.
Cyclic AMP determinations
Seedlings were blotted, frozen in liquid N2 and homogenized in 20vol. of 5% (w/v) trichloroacetic acid. The trichloroacetic acid extract was made 0.1 M with respect to HCI and extracted three times with 2vol. of water-saturated diethyl ether. The samples were fractionated on Dowex 50 (H+ form) columns as described by Krishna et al. (1968) and cyclic AMP was assayed by the binding-protein method of Gilman (1970) . DNA in the acid-insoluble material was measured by the method of Burton (1956) , after washing the pellet twice with 2vol. of ethanol-ether
Uptake and metabolism oflabelled 6-benzyladenine Seedlings were grown as described above, the radioactive compound being added to the phosphate buffer-tyrosine solution and present for the whole of the induction period. 6-[G-3H]Benzyladenine was prepared at The Radiochemical Centre (Amersham, Bucks., U.K.) by catalytic exchange in an aqueous medium. It was purified as previously described (Elliott & Murray, 1972) .
Aqueous extracts of gently blotted seedlings, after measurement of betacyanin, were evaporated to dryness and chromatographed on Whatman 3MM paper. The residue from aqueous extraction was further extracted with 5ml of boiling ethanol and similarly analysed chromatographically. Solvents used were either butan-l-ol-acetic acid-water (20:3:7, by vol.) or butan-1-ol-conc. NH3 (sp.gr. 0.88)-water (85:5:9, by vol.). Benzyladenine and benzyladenosine were identified by co-chromatography with authentic samples. Glucosylbenzyladenines were identified by RF values reported in the literature (Dyson etal., 1972; Deleuze etal., 1972; Parker etal., 1973) . Extracts were counted for radioactivity in Bray's scintillation solution (1960) with an efficiency of 35 %. Radioactivity associated with segments cut from the chromatograms was counted directly in toluene scintillator [5g of 2,5-diphenyloxazole and 0.5g of 1,4-bis-(5-phenyloxazol-2-yl)-benzene/litre of toluene] with an efficiency of 8.5 %.
In the results reported in Table 4 , the majority of the radioactivity in the aqueous extract was in the area Rp 0.45-0.50 [9-glucosylbenzyladenine (Parker et al., 1973) ; 7-glucosylbenzyladenine (Parker et al., 1973) ; however, see Dyson etal. (1972) , where a much lower RF value is given for the 7-glucosyl derivative]. On elution and rechromatography in butan-l-olacetic acid-water (20:3:7, by vol.) the radioactive material had RF 0.55-0.58 [7-glucosylbenzyladenine (Dyson et al., 1972) ]. The material eluted from this chromatogram showed spectral characteristics which indicated the presence of both 9-and 7-glucosylbenzyladenine (Deleuze et al., 1972; Parker et al., 1973) .
Results
The results in Table 1 have been compiled from a number of experiments and are expressed as percentages of the maximum induction found with 5pM-benzyladenine. Since variations in seed batches were found, controls with benzyladenine were always included. It is clear that a wide range of purine bases, nucleosides and cyclic nucleotides are capable of inducing betacyanin synthesis. Although 8-bromo cyclic AMP and, to a lesser extent, cyclic AMP promote betacyanin development they are no more active than a range of purine and purine riboside derivatives. 6-N,2'-ODibutyryl cyclic AMP was an excellent inducer. This compound is known to break down to cyclic AMP, 6-N-butyryl cyclic AMP and sodium butyrate (Swislocki, 1970) ; sodium butyrate had no inducing activity, It is likely that the activity of dibutyryl cyclic AMP is due to the butyryl group in the N-6 position of the adenine ring, since N6-butyryladenine is active in soya-bean callus (Dekhuijzen & Overeem, 1972) , tobacco callus (Martin et a!., 1973) and cabbage leaf disc (Berridge et al., 1970 ) bioassays for cytokinins. Berridge et al. (1970) found N6-butyryladenine to be as active as N6-benzyladenine in the leaf-disc assay, and at 231uM dibutyryl cyclic AMP had an effect comparable with N6-benzyladenine or kinetin. They considered the activity of dibutyryl cyclic AMP could be due to N6-butyryladenine produced by degradation in vivo. Dekhuijzen & Overeem (1972) found N6-butyryladenine and dibutyryl cyclic AMP to be equally active in soya-bean callus (optimum concentration 50guM), this being 50 times the optimum concentration for kinetin (1 ;m). They concluded that the cytokinin activity of dibutyryl cyclic AMP apparently does not depend on the ribosyl 3': 5'-cyclic monophosphate moiety of the molecule but is determined by the NO-butyryl side chain.
Effects ofaminophylline
Aninophylline itself had some inducing activity (Table 1) , and this type of result is normally interpreted as resulting from an inhibition of cyclic AMP phosphodiesterase leading to increased cyclic AMP concentrations (see Wood et al., 1972) . Although aminophylline was found to inhibit the phosphodiesterase present in the seedlings, especially at low concentrations of substrate (Table 2) , it was not effective in potentiating the action of a number of inducers of pigment formation tested at suboptimal concentrations (Table 3 ). In fact combination of inducers with aminophylline resulted in less induction than would be expected even on a simple additive basis. These results do not agree with those of Rast et al. (1973) , who found a potentiating effect of theophylline on induction by dibutyryl cyclic AMP. The induction period in the latter case was 84h, compared with 24h in the present experiments.
The addition of aminophylline to seedlings grown on 6-[G-3Hjbenzyladenine had a dramatic effect on the metabolism of the cytokinin (Table 4) . Although aminophylline caused about a 50% inhibition of the total uptake of label over the 24h inducing period, radioactivity associated with benzyladenine plus Vol. 146 benzyladenosine was only decreased by 25 %. However, the amount of label associated with the metabolites presumed to be 9-and 7-glucosylbenzyladenine was decreased by 86%. This result was confirmed qualitatively in a separate experiment with a lower concentration of benzyladenine and raises the possibility that the formation of these metabolites is intimately connected with the mode of action of benzyladenine. These results stress the complicated and multiple effects obtained with aminophylline in this system and preclude its use as a simple inhibitor of phosphodiesterase activity.
Content ofcyclic AMP in Amaranthus seedlings
A direct analysis of the cyclic AMP content under conditions where betacyanin induction was taking place showed that there was no significant difference in the endogenous cyclic AMP (Table 5 ). The results also show that incubation with aminophylline does not increase cyclic AMP content of seedlings. The validity of the cyclic AMP assay was confirmed by recovery of authentic cyclic AMP added to Amaranthus extracts and by digestion of extracts with cyclic AMP phosphodiesterase (Table 6) 
Disscwsion
There is some indirect and rather diffuse evidence indicating a connexion between phytochromemediated responses and cyclic AMP, which might support a role for cyclic AMP (as distinct from dibutyryl cyclic AMP) in betacyanin synthesis. The light-requiring synthesis ofbetacyanins inAmaranthus seedlings (Bamberger & Mayer, 1960) has been shown to be phytochrome-controlled (Piatelli et aL., 1969) . Kinetin will completely replace the light requirement (Bamberger & Mayer, 1960) . Cytokinins can replace light or decrease the requirement for light in a number of other biological systems (Miller, 1956 (Miller, , 1958 Hillman, 1957; Skinner etal., 1956; Scott &Liverman, 1956) (Kamisaka & Masuda, 1971; Hall & Galsky, 1973) ], a similar effect can be achieved with red light (Khan, 1960) . The action of light on frog retinal-rod outer segments results in changes in sodium conductance and membrane potential, and this has been shown to be mediated by cyclic AMP (Bitensky et al., 1971) . These changes are reminiscent of the action of red light on phytochrome, which rapidly leads to alterations in membrane permeability and in polarization of membranes (see Briggs & Rice, 1972) . The above considerations therefore make it necessary to ask whether the promotion of betacyanin synthesis by cyclic AMP indicates an involvement similar to that found in lettuce seeds. The fact that adenosine and adenine have no effect in lettuce-seed germination (Hall & Galsky, 1973) , whereas they do induce pigment formation in Amaranthus, makes this interpretation unlikely. Wood & Braun (1973) considered that the activity of 8-bromo-5'-AMP in tobacco pith could be explained by it serving as a phosphodiesteraseresistant precursor for 8-bromo cyclic AMP, which is known to be more resistant to cyclic AMP phosphodiesterases than is cyclic AMP. It seems unlikely that conversion into cyclic AMP could explain pigment induction by the wide range of purines tested in the present experiments. This is particularly so with the unsubstituted purines, unless they enter a 1975 The present results do not support the concept that cytokinin effects are mediated via cyclic AMP. The results can be explained most simply by assuming that the purine derivatives act as cytokinin analogues, and that the bromo group in the 8-position enhances this activity.
